Abstract. The effect of flow angularity on an S-duct inlet with icing is computationally investigated. Flow angularity is simulated through angle-of-attack, and sideslip in addition to asymmetrical ice accretion on the inlet lip. A commercial CFD code, STAR-CCM+ is used for the steadystate computations with the shear-stress transport (SST) k-! turbulence model. Symmetrical and asymmetrical glaze ice shapes are computationally simulated on the inlet lip. The symmetrical glaze ice uniformly covers the entire cowl lip; whereas the asymmetrical glaze ice is simulated on a 1=4 sector of the inlet lip and is positioned on top, bottom or side of the inlet lip. The results indicate that flow angularity, whether in angle-of-attack or sideslip, aggravates the low performance of inlets with icing. The total pressure recovery suffers an additional 2% loss and the inlet mass flow rate drops by 7% when the inlet is at C20 ı angle of attack, as compared to zero angle, for flight Mach number of 0.34. The extent of loss in total pressure and a drop in mass flow rate depends on the asymmetrical icing location as well as the inlet angle-of-attack and sideslip. In addition, the ice-induced flow blockage is identified as a critical inlet performance parameter, since the symmetrical (360 ı ) glaze ice with its wider flow blockage creates a lower total pressure recovery than the asymmetrical (90 ı ) glaze ice at all angles of attack or sideslip.
Greek Symbols
Inlet Ice accretes on the surfaces of the aircraft flying through clouds of super-cooled water droplets. Ice accretions not only on wings, but also on engine inlets and empennage seriously impact aircraft stability and control. A total of 803 aviation accidents and incidents from 1975 to 1988 were caused by in-flight icing problems ( [1] ). Therefore, detailed experimental and numerical studies have been carried out to investigate the icing effects on the performance of airfoils and wings ( [2] [3] [4] [5] [6] ). However, less research is conducted on ice accretion on engine inlets, although the effects are hazardous to engines and aircraft. In particular, the ice accretion on the aircraft inlet lip can alter the shape of the cowl lip and may cause significant performance degradation of the engine inlet and compressor stall margin. Acker et al. ( [7] ) first conducted a flight test to investigate the icing effects on a turbojet engine, and they found ice accretion on the engine inlet resulted in reduction of engine thrust ranging from 9 to 26 percent. Also, the combined loss of efficiency of the compressor and inlet diffuser were approximately of the same order of magnitude as the thrust loss. In addition, Gelder et al. ([8] ) studied the total pressure distortion of a full-scale unheated supersonic nose inlet in the subsonic icing conditions. Their study showed that in the icing condition of LWC D 1:3 g/m 3 with MVD D 16 mm, and in the test condition of M 1 D 0:27, total pressure distortion increased from about 6 percent in clear air to 12.5 percent after 2 minutes of icing time. Concurrently, the area-averaged total pressure recovery decreased from 98 to 94.5 percent. Bidwell et al. ([9] ) calculated the impingement efficiencies and ice shapes for an axisymmetric inlet by using the LEWICE3D ice accretion program ( [10] ). In their work, the shapes of a typical rime and glaze ice on the axisymmetrical inlet lip were numerically defined in the icing conditions;˛DˇD , T s1 D 9:3 ı C (263.9 K), icing time D 30 minutes for rime and glaze, respectively. Also, the effects of the Bidwell's rime and glaze ice shape on the performance of the M2129 diffusing S-duct inlet were computationally investigated by Jin and Taghavi ( [11] ). In their investigation, the (area-averaged) total pressure recovery of the M2129 inlet decreased by 3.2 percent at M 1 D 0:23 when the glaze ice was simulated on the inlet lip in the case of zero angle of attack, while only 0.2 percent-reduction occurred with the rime ice shape. The glaze ice characterized by two ice horns induced a strong inlet lip separation and lower total pressure recovery. On the other hand, the effect of the rime ice with a more streamlined shape had a relatively minor effect on the inlet performance.
A diffusing S-duct inlet configuration is commonly used for the modern aircraft due to its advantages in the installation of a propulsion system. A simple S-shape duct induces a secondary flow pattern that causes flow separation at the first bend. Also, a diffusing S-duct has an additional burden of potential flow separation due to the streamwise adverse pressure gradient in the diffuser. These secondary flow pattern and flow separations contribute to the problem of engine face distortion, in particular, total pressure distortion. The level of total pressure distortion that an inlet creates at the engine face affects the stability of the compressor and engine performance. Also, when ice accretes on an inlet lip, the original flow quality, i.e., total pressure recovery and low distortion, in an S-duct inlet can be substantially deteriorated due to the altered shape of the inlet lip. For instance, a sharp inlet lip at the ice-free condition induced a higher total pressure loss at the engine face, as compared to a blunt (ellipse) inlet lip, due to lip separation ( [12] ).
Moreover, in practical flight conditions, aircraft maneuver creates angles of attack and sideslip on the fuselage, wings, and engine inlets. The flowfield characteristics in an S-duct inlet thus depend on the inflow direction during the steady flight with an angle of attack and during an aircraft maneuver. An experimental study by Guo and Seddon ([13] ) used a rectangular S-duct inlet and showed that the total pressure recovery and mass flow rate in the duct were adversely affected by incidence angle. The reduction of total pressure recovery was due to a larger vortex (secondary flow) formation and flow separation at the duct bend at a relatively high angle of attack. In addition, we know that the extent of flow separation at the incidence angle depends on the inlet lip geometry and flow condition, such as the flight Mach number ( [13] ). Therefore, we expect that the angle of attack or sideslip, along with the change of inlet lip geometry due to ice accretion adversely affect the engine face distortion level and inlet performance.
In the present study, the effects of the circumferentially symmetrical and asymmetrical ice shapes on an S-duct inlet performance at inlet angles of attack or sideslip were investigated. The flight (freestream) Mach numbers of M 1 D 0:13 and 0.34 were tested and the Reynolds numbers based on the throat diameter of the clean inlet were Re D 1:74 10 6 to 4:05 10 6 . The angles of attack of˙10 ı and˙20 ı were considered for the study with the C20 ı representing the most severe flow environment for the S-duct with a downward bend. The angle of sideslip was chosen to be C10 ı and C20 ı (instead of˙10 ı and˙20 ı ) due to duct plane of symmetry. Although in real flight conditions that involve angle of attack or sideslip in icing conditions, ice accretion is both asymmetrical and time dependent ([9]); we have modeled the asymmetry of ice accretion through 90 ı sectors around the cowl lip, and our simulation assumes that the ice shape and size is time independent, i.e., constant.
Numerical Methodology
The M2129 S-duct inlet has circular-cross sections with a diffusing S-bend and two constant-area parts, as shown in Figure 1 . The detailed geometry of the inlet, in particular the diffusing S-bend part, was based on a study of Willmer et al. ([14] ) and Gibb et al. ([15] ). The entrance and outlet of the inlet are defined by throat and engine face, respectively, as shown in Figure 1 . The constant-area parts extend from the S-bend to the throat and engine face by 2 D th and 1 D th , respectively. In addition, the area ratio of the engine face to throat is approximately 1.4, and the total inlet length is about 7 D th . The inlet size was set according to the diameter of an axisymmetric inlet from Papadakis et al. ( [16] ). The geometry and size of the inlet lip were also based on [16] . The shape of the inlet lip is elliptical and the ellipse ratio of the external and internal lips is a=b D 4:0 and 2.5, respectively (as shown in Figure 1 ). The glaze ice shape investigated in this study was based on the Bidwell's ([9]) 2-dimensional ice shape on an axisymmetric inlet lip which was numerically predicted by LEWICE3D code as shown in Figure 2 [9] ). For the present study, the Bidwell's ice shape was slightly modified to define the sharp-glaze ice case where the thickness of the lower-glaze ice horn expected to affect the inlet flow was reduced to make a sharp horn (see Figure 3) . In Figure 3 , a circle was drawn to contact the maximum thickness portion of the lower-ice horn and the highlight of the inlet lip. Based on this circle, a smaller circle was drawn with 30 percent decrease in radius, and using the smaller circle the sharp-glaze ice geometry was defined. The radii of the original-and sharp-glaze ice horn were R o D 14:2 mm and R sh D 10:4 mm, respectively. The sharp-glaze ice geometry serves as the most severe case in inlet icing research. Figure 4 shows the mesh generation around the sharp-glaze ice geometry on the inlet lip of the M2129 S-duct inlet using the GAMBIT 2.2.30 software ( [17] ). The roughness effect of the real glaze ice surface as not considered; as the observations focused on the effect of the ice geometry, in particular glaze ice horn on inlet performance. In addition, as shown in Figures 3 and 4 , the rear part in the upper-glaze ice horn, which formed on the outside of the inlet lip and exerted no influence on the duct internal flow, was further simplified. Figure 5 shows the 3-dimensional modeling and mesh generations for the different glaze ice shapes. The symmetrical shape indicated the glaze ice accretion that occurred symmetrically on the inlet lip. However, for the asymmetrical shapes, the glaze ice was only simulated on a certain portion of the inlet lip with an exactly 
90
ı extension in the circumferential direction. Since the 3-dimensional modeling of all glaze ice shapes was achieved by extending the 2-dimensional ice shape in the circumferential direction of the inlet lip, all ice shapes had the same side profile, which was the sharp-glaze ice. In addition, the asymmetrical shapes were categorized into top-, bottomand side-glaze ice, according to the locations of ice accretion: Â D 315 ı -45 ı , 135 ı -225 ı , and 45 ı -135 ı , respectively, based on the definition of the circumferential angle (Â) shown in Figure 6 . Both the symmetrical and asymmetrical ice shapes were assumed to simulate the ice accretion phenomena. The constant shape and size of ice accretion were assumed to hold for all angles of attack, sideslip angles, and freestream Mach numbers. Also note that the inlet frontal area was reduced by 21 percent with the simulated symmetrical glaze, whereas the asymmetrical case of 90 ı azimuthal extent decreased the inlet area by a quarter, or 5%. All simulations and calculations were carried out by a commercial CFD code, STAR-CCM+ 2.10.013 ( [18] ), installed in the computing cluster at the Information and Telecommunication Technology Center (ITTC) at the University of Kansas. For the parallel computations, each simulation case was distributed among eight to twenty processors according to the mesh sizes. Each node has two Intel Xeon EM64T processors at 3.2 GHz and 4,096 MB of RAM. The farfield (freestream) boundary condition was used for all the outer boundaries to simulate the freestream condition at infinity. The farfield boundaries that encompass the inlet lip region were radially extended by about the length of 20 D th into x-, y-, and z-direction upstream to prevent the boundary effects on the simulation regions of interest. The inner and outer surfaces of the duct, and the cowl surface, including the iced lip region, were defined by the solid wall boundary condition, and no heat transfer was considered. In addition, several cross-sectional stations inside the duct, including the engine face, were used as control stations to assess the flow quality and inlet performance in icing conditions. Figure 7 shows the mesh generations for the outer and inner boundaries around the S-duct inlet. Using the GAM-BIT software, the structured meshes for the iced inlet lip, S-duct with inner regions, and farfield boundary were generated for a total of 66 volumes. As shown in Figure 4 , the mesh density around the glaze ice was increased in order to properly capture the anticipated flow separation from the ice horn. The number of mesh nodes in the duct section was 230 160 100 in the axial, circumferential, and radial direction, respectively for the clean and icing cases. Therefore, the total numbers of mesh cells for all parts including the iced inlet lip and the farfield region were approximately 3.7, 5.2, and 5.5 million for the clean, symmetrical-glaze, and asymmetrical glaze cases, respectively. The mesh resolution in the near-wall region of turbulent boundary layers, represented by y C , is a critical issue in the computational simulations. In particular, a study on the mesh resolution showed that the accurate prediction of the flow separation and distortion in the M2129 S-duct inlet depended on the proper choice of y C ( [19] ). Therefore, the all y C wall treatment option in STAR-CCM+ was chosen to have reasonable results in the turbulent boundary layers at different freestream Mach numbers. By applying the wall treatment, the limitation of meshes with low and high y C can be improved, and a more realistic turbulent flow modeling can be achieved in the near wall region of the iced inlet lip and duct.
To properly simulate the subsonic-viscous flow in the M2129 inlet, multiple turbulence models were tested and compared to experimental measurements ( [20] ). It was concluded that the Shear Stress Transport (SST) k-! model ( [21] ) showed the best performance for the baseline M2129 inlet, although the other turbulence models also produced relatively good results. The use of k-! turbulence modeling in S-shape diffusers with vortex separation and compressible flow in transonic diffusers is also supported by other researchers ( [22] [23] [24] ). The turbulence intensity and viscosity rate were set as 1% and 10, respectively, for the freestream turbulence level. The coupled-implicit solver for the steady-state condition was utilized for the flow simulations, and the second-order upwind scheme was applied to spatial discretization. Since this simulation was carried out by the steady-state computation, time discretization error was not created. Also, the density change option using the ideal gas law was exercised in the computations since compressibility effects were expected due to flow acceleration inside the S-duct.
The freestream total pressure at sea level, p t1 D 101 kPa, was imposed on the farfield boundary condition. In addition, the static pressure and temperature of the farfield boundary condition were changed according to the flight Mach number. The freestream static pressure, p s1 , ranged between 93.3 kPa and 99.9 kPa and static temperature, T s1 , varied between 260.6 K to 265.7 K for M 1 D 0:13 to 0.34. The static temperature range corresponds to the glaze-icing condition (T s1 D 263:9 K at M 1 D 0:23) according to Bidwell et al. ([9] ). Other physical properties of air, such as viscosity and thermal conductivity, were also defined according to the icing condition in [9] . The simulations were run and monitored until the residuals for continuity equation, x, y, z-velocity, energy equation, and turbulence factors dropped below 10 4 to 10 5 where the value of the area-averaged total pressure at the engine face changed by less than 0.5 percent between runs.
Validation of Numerical Solution 4.1 Baseline M2129 S-Duct Inlet
The numerical solutions of STAR-CCM+ for the baseline M2129 S-duct inlet were compared to experimental measurement data by AGARD Working Group 13 ([20] ). The experimental analyses for the performance of only a baseline (clean) M2129 inlet were available; however, no validation data has been found for the icing cases. Also, the computational data for the baseline M2129 inlet using WIND-US code from [25] were provided for the comparison. For this validation, the size of the duct inlet was set based on the geometrical data from [20] and [25] . According to the modeling approach for the baseline M2129 inlet in [25] , only half of the geometry was meshed due to the symmetry across the mid plane with the reflecting boundary condition, and the inlet lip and farfield region were not included. Consequently, the pressure-inlet and pressure-outlet boundary condition was applied, and the static pressure at the engine face was varied to obtain the throat Mach number range, M th D 0:1 to 0.77. Also, angles of attack or sideslip angle were not considered (˛DˇD 0 ı ). The main features of computational setup, including the mesh size and turbulent model, for STAR-CCM+ and WIND-US are listed in Table 1 .
In Figure 8 the comparison of total pressure recoveries by STAR-CCM+, experiment, and WIND-US is plotted. The total pressure recovery, the area-averaged total pressure at the engine face normalized to the freestream total pressure (N p tef =p t1 ), measures the extent of the average irreversibility or loss in the inlet that is directly related to (average) inlet adiabatic efficiency. In an S-duct inlet, viscous flow separation at the first convex bend and subsequent turbulent mixing is the main source of total pressure loss. Also, as indicated in Figure 8 , total pressure recovery decreases with increasing throat Mach number. The enlarged flow separation and turbulent mixing with higher Mach numbers in the duct create lower total pressure recovery and higher engine face distortion. The STAR-CCM+ results accurately predict the experimental measurements (as shown in Figure 8 ), with similar variation and level of total pressure recovery with increasing throat Mach number. In particular, a relatively good agreement is obtained 20] ). Also, compared to the WIND-US data, STAR-CCM+ produces a well-matched characteristic of mean total pressure recovery, although the mesh generation and turbulent modeling for both codes are different.
As noted in Table 1 , the structured mesh with the SST k-! model and the unstructured mesh with the Spalart-Allmaras model were utilized in STAR-CCM+ and WIND-US code, respectively. In addition, the difference in mesh size for both codes (0.18 vs. 0.83 million) induces a minor effect on the simulations of the inlet performance. The mean total pressure recovery by WIND-US is 0.957 at M th D 0:78
Iced M2129 S-Duct Inlet
As noted earlier, there are no experimental data available for iced S-duct inlets. Therefore, the validity of STAR-CCM+ for the M2129 inlet was assessed through two mesh densities and another CFD code, FLUENT ( [26] ). Both the clean and symmetrical glaze cases were tested and the inlet lip and farfield region were also meshed in order to simulate the ice on the inlet lip. The inlet size and inlet-lip shape were set using the information available in Papadakis et al.
( [16] ), and no angle of attack or sideslip angle was applied (˛DˇD 0 ı ). Based on the symmetrical-glaze cases, the total cell number of the coarse mesh was about 15 percent of that of the fine mesh, since the mesh covered only half the geometry according to the symmetry plane with reduced nodal number as shown in Table 2 . The fine-and coarsemesh cases were solved by STAR-CCM+ and FLUENT, respectively, applying the same turbulence modeling, the SST k-!. Other computational parameters, such as boundary conditions and solver choice, were set up as presented in the "Numerical Methodology" section. Figure 9 shows the effect of mesh density on total pressure recovery for the freestream Mach numbers, M 1 D 0:13, 0.25, 0.34, and 0.475. These approximately correspond to the throat Mach numbers of M th 0.2, 0.4, 0.6, and 0.8, respectively, measured in the clean inlet throat. As can be seen in the result, the total pressure recoveries from the two-mesh density levels are in a relatively good agreement at all Mach numbers, in particular for symmetricalglaze cases. The clean case shows more deviations, compared to the symmetrical-glaze cases; however, the maximum deviation that occurs at M 1 D 0:475 is only about 0.8 percent (N p tef =p t1 D 0:94 and 0.947 for the cleancoarse and clean-fine mesh, respectively). Also, the discrepancy caused by different computational dissipations between STAR-CCM+ and FLUENT seems to be insignificant.
The comparison of the inlet mass flow rates, calculated at the engine face ( N ef A ef N V ef ) is presented in Figure 10 . Again, obtaining similar results at each freestream Mach number suggest that the effect of mesh density, as well as the code, on the inlet mass flow rate is relatively small. In particular, for the symmetrical-glaze case, the deviations of the coarse mesh at all Mach numbers are within 5 percent. Therefore, it can be concluded that STAR-CCM+ is still properly computing the performance of the M2129-S duct inlet under the icing effects, showing a relatively high-mesh independency. For the following simulations, however, the whole geometry, instead of the half geometry, was modeled for the clean and iced inlet cases due to the asymmetrical flow across the duct symmetry plane when the sideslip angles were applied. Also as noted in the "Numerical Methodology" section, fine mesh was used for all simulations, in spite of the need for more computational resources; approximately 3.7, 5.2, and 5.5 million cells were generated for the clean, symmetricalglaze, and asymmetrical glaze cases, respectively. Figure 11 gives the definition of the inlet angle of attack and inlet sideslip angle. In the present study, inlet angles of attack:˛D˙10 ı and˙20 ı , and inlet sideslip angles: D C10
Results and Discussion

Symmetrical Ice Shape
ı and C20 ı were tested. Figure 12 shows the steady-state flowfield distributions of total pressure, static pressure and Mach number in the plane of symmetry of the M2129 S-duct inlet at the angles of attack or sideslip angle, when the symmetrical glaze ice accretes on the inlet lip. The freestream Mach number is M 1 D 0:34 for all cases. In the clean inlet at˛D 0 ı shown in Figure 12 (a), the pressure gradient can be seen along with the flow deceleration and acceleration at the top (Â D 0 ı ) and bottom (Â D 180 ı ), respectively, of the first bend of the S-duct inlet. This typical flow pattern in a clean S-shaped inlet is the result of the imbalance between the centrifugal acceleration and radial pressure gradient at the first bend that induces 3-dimensional flow separation on the convex surface and shows as swirl or the secondary flow pattern at the engine face ( [27] ). However in the case of inlet with glazed ice, the initial flow separation occurs from the glaze ice horn, and the extent and size of the 3-dimensional flow separation at the first bend is increased as seen in the glaze ice case at D 0 ı in Figure 12 (b). An adverse (static) pressure gradient over the glaze ice horn causes the duct internal flow to separate and thus the flow separation at the first bend of the S-duct is enlarged. As expected, the case of˛D C20 ı poses the most severe adverse pressure gradient and flow separation through the first convex bend in the S-duct as shown in Figure 12(c) , where massive 3-D separation appears on the bottom side, i.e., Â D 180 ı . Consequently, a strong flow asymmetry and secondary flow pattern emerge at the engine face. When the angle of attack is changed tǫ D 20 ı , the role of the lower and upper cowl lip is reversed. Here, the flow separates from the upper lip (Â D 0 ı ) of the symmetrical ice as indicated in Figure 12 (d). Due to flow separation from the upper lip, the core flow is swept to the bottom of the duct, and eventually disappears near the engine face where intense turbulent mixing creates a highly distorted flow at the engine face. A comparison between the angles of attack of C20 ı and 20 ı reveals a slightly lower total pressure loss in the latter case as compared to the former. The geometry of the S-bend that involves a downward shift of the entrance flow to the engine face is responsible for higher total pressure loss in˛D C20 ı as compared to˛D 20 ı inflow angularity. The manifestation of higher total pressure loss may be observed in larger flow separation zone, as shown in Figures 12(c) and 12(d) . Figure 12 (e) shows the flowfield in the duct plane of symmetry, with sideslip flow angle ofˇD C20
ı . This severe flow angularity in sideslip exposes the inlet side (Â D 270 ı ) with glaze ice to adverse pressure gradient and flow separation. Subsequent flow development in the duct exhibits 3-dimensional mixing and flow distortion at the engine face, similar to angle-of-attack cases.
The total pressure patterns at the engine face, as well as the secondary flow fields, of the symmetrical glaze cases at the angles of attack or sideslip angles are compared in Figure 13 . The secondary flow that induces the flow separation at the first bend of the clean S-duct inlet is further amplified, azimuthally rotates through the second bend, and affects the flow quality at the engine face in terms of inlet distortion. The typical secondary flow pattern of the clean cases shown in Figure 13 , characterized by a double rotation about the duct symmetry plane, is from the effect of the first bend. In the clean cases, no significant change is observed in the level of total pressure losses, as well as the size of the counter-rotating vortices, under the effect of the angles of attack or sideslip angles. This is contrary to an experimental result which showed a larger vortex pair at the engine face at high incidence angle ( [28] ). The experiment showed that, in an S-duct inlet, the counter-rotating vortex pair became larger, due to the effect of an inlet lip flow separation at high incidence angles. However, only the S-bend part of the inlet was considered in the experimental study ([28] ), while the constant-area part is added to the upstream of the S-bend section of the M 2129 inlet in the present study. The performance of the S-duct inlet without the constant-area part was sensitive to the inlet lip flow separation at high incidence angles. On the other hand, in the present study, the strength of the inlet lip flow separation at the high angle of attack is somewhat attenuated by the existence of the forward duct extension. However, the flow pattern outside the region of the counter-rotating vortex pair is slightly changed with varying the angle of attack or sideslip.
Unlike the clean cases, the symmetrical glaze induces a notable change in the total pressure pattern and the secondary flowfield at the engine face with the angles of attack or sideslip angles, as shown in Figure 13 . Comparing the symmetrical glaze cases in Figure 13(a) and (b) , it is clear that the secondary flow pattern at˛D 0 ı is considerably affected by the positive angle of attack; the region of the large-swirling flow disappears at˛D C20 ı . Also at˛D C20
ı , a more substantial total pressure loss takes place at the bottom side of the engine face due to combined effect of the flow separations, i.e., the flow separation from the bottom portion of the symmetrical glaze ice at the positive angle of attack, and the stronger flow separation at the bottom of the first duct bend, which is a typical separation in an S-duct. Figure 13 (c) shows a change in flow pattern at negative angle of attack. At˛D 20 ı , the flow separation from the top portion of the symmetrical ice induces a large total pressure loss at the top side of the engine face. Also, the core flow region almost completely disappears at the engine face at˛D 20 ı , indicating a serious total pressure loss at the high negative angle of attack.
The sideslip case is shown in Figure 13 cases induce larger losses and mass flow reductions as compared to the 10 ı cases. Also, the greater decrease occurs at the positive angle of attack than at the negative angle of attack, and further decrease takes place at the negative angle of attack than at sideslip angle at M 1 D 0:34 for 20 ı cases. Therefore, the higher positive angle of attack,˛D C20 ı , poses the most severe flow angularity case for a glaze ice inlet with an S-duct configuration, as noted earlier. Compared to the clean cases, the decreases in the total pressure recovery are approximately 6.8 and 8.5 percents at˛D 0 ı and C20 ı , respectively, with the symmetrical glaze ice at M 1 D 0:34.
Asymmetrical Ice Shapes
The effect of the asymmetrical glaze ice shape at different inlet angles of attack and sideslip was also investigated. The asymmetry was created by placing 90 ı sectors of glaze ice on the top, bottom or side of the inlet lip, as shown in Figures 5(b), (c), and (d) , respectively. In this study, the inlet angles of attack of˛D˙10 ı and˙20 ı , and inlet sideslip angles ofˇD˙10 ı and˙20 ı were examined. With the top-glaze ice accretion, the total pressure distortion pattern and the secondary flowfields at the engine face with respect to the angle of attack are presented in Figure 16 . Again, the freestream Mach number is M 1 D 0:34 for all cases. Another region of total pressure loss at the outer-top side of the engine face, due to the effect of the top glaze, becomes smaller with the positive angle of attack whereas it becomes larger with the negative angle of attack, as expected. Furthermore, the total pressure loss at the lower half of the engine face, which is caused by a typical flow separation from the duct bend, is also sensitive to the inflow angularity. However, it is clear from these distortion contours that higher levels of total pressure loss occurs with the negative angle of attack since the 90 ı glaze ice sector is placed at the top. Now, the bottom-glaze ice cases are presented in Figure 17 . The region of total pressure loss at the bottom side of the engine face is induced by the effect of the downward duct bend plus the effect of the bottom-glaze ice accretion. In addition, the size of the separation region is enlarged when combined with the effect of the positive angle of attack. However, the formation of the counter-rotating vortex pair, which is originated from the duct bend, is gradually weakened with the positive angle of attack as seen in Figure 17(b) . The negative angle of attack also affects the distortion pattern at the engine face. The case of˛D 20 ı in Figure 17 (c) suggests that the region size of total pressure loss is significantly reduced, even compared to that of˛D 0 ı case in Figure 17(a) , showing another counterrotating vortex pair at the top side of the engine face. However, the vortex pair does not induce a serious flow separation at the top side as shown in the total pressure plot in Figure 17 (c). Therefore, it is concluded that the positive angle of attack causes higher levels of total pressure loss when the bottom-glaze ice is simulated on the inlet lower lip.
The effect of the sideslip angles on the side-glaze ice accretion is also investigated as shown in Figure 18 . The side ice accretion on the 90 ı -sector, Â D 45 ı -135 ı , was only considered since the other side-glaze portion of Â D 225 ı -315 ı was exactly symmetrical with respect to the duct plane of symmetry, as shown in Figure 5(d) . The unique distortion patterns, which are biased to the left side of the engine face, are the result of the side-glaze ice. Also, the distortion patterns vary as the sideslip angle changes, producing different levels of swirl as seen in the secondary flow plots. However, the distorted region is larger with the more severe total The quantified results presented by (area-averaged) total pressure recovery and inlet mass flow rate with angle of attack or the sideslip are summarized in Table 3 . The flow losses in total pressure and mass flow rate are compared to clean S-duct inlet performance at each angle of attack or sideslip. Again, the freestream Mach number is M 1 D 0:34 for all cases. Comparing the result of the symmetrical glaze case in Table 3 (a) to those of the asymmetrical cases (of 90 ı sectors) shown in Table 3 (b) to (d), it is clear that the losses in total pressure recovery and inlet mass flow rate with symmetrical glaze ice are more substantial at all angles. As indicated in Table 3 (a) and (b), the level of total pressure recovery further drops by 8% in symmetrical glaze condition as compared to the top-glaze cases, i.e., N p tef =p t 1 D 0:8979 and 0.9722 for the symmetricaland top-glaze cases, respectively, at˛D C20 ı . The wider flow-blockage caused by the symmetrical ice accretion (as compared to a 90 ı -sector inlet lip icing) is deemed responsible for the higher levels of total pressure loss and a reduction in inlet mass flow rate. As we have noted earlier, the inlet frontal area was decreased by 21 percent with the simulated symmetrical glaze, and decreased by only 5 percent with the asymmetrical icing condition at the lip. Also, flow separation from the ice horn, which is the source of degradation in inlet performance, is more extensive when the symmetrical ice accretes on the inlet lip.
For the top-glaze ice cases in Table 3 (b), the negative angles of attack produce more reduction in both the total pressure recovery and inlet mass flow, and the reduction is enhanced with increasing negative angle of attack. At D 20 ı , the total pressure recovery and inlet mass flow drop about 3.5 and 15 percent, respectively, from the corresponding clean cases. In contrast, the positive angles of attack have a relatively minor influence on the inlet perfor- mance. In addition, there is no considerable difference between the distortion levels caused by˛D C10 ı and C20 ı with the top-glaze ice case. However we may conclude that the top-glaze iced inlet duct is adversely affected by angle of attack, as it suffers higher levels of total pressure loss and engine face distortion. The bottom-glaze ice cases are also summarized in Table 3(c). Contrary to the top-glaze cases, higher levels of loss are induced at the positive angle of attack; and the maximum reduction occurs at˛D C20 ı . The effect of˛D C20 ı was anticipated by the engine face distortion pattern in Figure 17 (b). An unanticipated result was that a slight improvement was produced in total pressure recovery (and mass flow rate) with negative angle of attack, as compared to the case of zero inflow angularity. As shown in Table 3 ı . This result is also confirmed in Figure 17 (c) which shows that the distorted region (caused by flow separation in the S-duct) is reduced at D 20 ı . The rationale for this behavior is that the effect of the bottom-glaze ice is diminished with negative angle of attack, combined with the duct bend effect. The negative angles of attack mitigate the strong flow separation from the downward duct bend, allowing more core flow to reach the engine face. Also, the lip flow separation from the bottom glaze is attenuated with negative angles of attack. Compare to the cases of˛D 0 ı , the total pressure recovery and inlet mass flow are increased by 1.1 and 5.2 percent, respectively, at˛D 20 ı , whereas at˛D C20 ı those are decreased by 2.3 and 9.7 percent, respectively.
The side-glaze ice cases in Table 3 (d) indicate that the degraded inlet performance occurs at the negative sideslip angles along with the side glaze, as predicted in Figure 18 . Furthermore, the total pressure recovery and inlet mass flow rate decrease more atˇD 20 ı than atˇD 10 ı . Compared to theˇD 0 ı cases in Table 3 (d), the total pressure recovery is reduced by about 2.7 percent, and inlet mass flow is decreased by 11.3 percent atˇD 20 ı . However, the effects of the positive sideslip angles are not critical, as shown in Table 3(d) .
Again, the most serious distortion levels occur at˛D 20 ı for the top-glaze, at˛D C20 ı for the bottom-glaze, and atˇD 20 ı for the side-glaze ice case, as summarized in Table 4 . Note that the total pressure recovery and mass flow rate of the bottom-glaze case at its worst inflow angle (˛D C20 ı ) is slightly lower than those of the other asymmetrical icing cases at their worst inflow angles. However, there is no significant difference between the total pressure recoveries of the asymmetrical cases at their worst inflow angle.
In conclusion, all inlet angles of attack and inlet sideslip angles contributed to the degradation of the inlet performance, combined with the effects of the simulatedsymmetrical-glaze ice shapes. In particular, higher positive angles of attack resulted in more serious steady-state inlet distortion. At˛D 0 ı , the reduction of the mean total pressure recovery by the symmetrical glaze ice was about 6.8 percent from the clean case at the same angle; however, it further decreased to 8.5 percent at˛D C20 ı , as shown in Table 3 (a).
The inlet performance was also sensitive to the inlet angles of attack or sideslip angles with the simulatedasymmetrical ice shapes; top-, bottom-, and side-glaze ice. However, the influence of each ice shape on the inlet performance became more significant at a specific angle, due to the coupled effect of the angles, icing locations, and downward duct bend. The most serious degradation in the inlet performance occurred at˛D 20 ı ,˛D C20 ı , anď D 20 ı for the top-, bottom-, and side-glaze ice cases, respectively. However, the ice-induced flow blockage was still a critical issue for the inlet performance, since the symmetrical glaze induced substantially lower total pressure re- coveries, compared to the asymmetrical glaze cases (of 90 ı extent), at all angles of attack or sideslip angles.
Conclusions and Recommendation for Future Work
Flow angularity impacts an S-duct inlet with icing in total pressure recovery; mass flow rate and engine face distortion levels. In general, the inlet performance degradation increases with increasing levels of flow angularity and asymmetry in ice accretion. Although ice accretion is a time-dependent phenomenon, our simulation was based on steady-state flow calculations. The asymmetry in ice accretion was simulated through 90 ı sectors of glaze ice on the cowl lip, which showed their sensitivity to inflow angularity. For each case, we established the inflow angle that caused the lowest mean total pressure recovery and reduced mass flow rate and the magnitude of these losses.
The following list constitutes additional areas in icing research that require attention:
The effects of ice accretion should be extended beyond the S-duct inlet lip. An experimental study showed that ice accretion occurred not only on the external inlet lip, but also along the interior side wall of an inlet duct ( [29] ).
A wider range of inlet flow blockage levels must be investigated to find the most critical icing limit on inlet performance. Multiphase (gas-liquid) time-dependent flow is required to investigate the effect of ice accretion on an S-duct inlet. It is known that the shape of ice accretion on aircraft's surface changes with time, as well as freestream velocity (V 1 ), static temperature (T s1 ), liquid water content (LWC), etc. ( [9] ).
The effect of unsteadiness caused by vortex shedding from the horns of inlet glaze ice should be investigated. This phenomenon gives rise to time-dependent distortion at the engine face, which is called inlet dynamic distortion. The temporal sharp peaks of dynamic distortion, which last on the order of compressor through flow time scale, lead to compressor stall and engine surge.
The effect of atmospheric gusts or atmospheric turbulence on dynamic inlet distortion should be studied under icing conditions. The disturbances in the freestream, including atmospheric gusts and turbulence, can be another source of the inlet dynamic distortion ( [30] ).
